Although several molecular players have been described that play a role during the early phases of lung development, it is still unknown how the vasculature develops in relation to the airways. Two opposing models describe the development of the lung vasculature: one suggests that both vasculogenesis and angiogenesis are involved, whereas the second describes vasculogenesis as the primary mechanism. Therefore, we examined the development of the murine pulmonary vasculature through a morphological analysis from the onset of lung development (9.5 dpc) until the pseudoglandular stage (13.5 dpc). We analysed fetal lungs of Tie2-LacZ transgenic mice as well as serial sections of wild type lungs stained with endothelial-specific antibodies (Flk-1, Fli-1 and PECAM-1). Embryos were processed with intact blood circulation to maintain the integrity of the vasculature, hence individual vessels could be identified with accuracy through serial section analysis.
INTRODUCTION
The adult lung has a dual vascular system, the bronchial and the pulmonary system. The bronchial system oxygenates all non-respiratory structures of the lung, whereas the pulmonary system transports deoxygenated blood to the alveoli for gas exchange. The pulmonary arteries arise from the pulmonary trunk of the heart, and closely follow the bronchial tree, giving rise to the alveolar capillary plexus. These capillaries drain into the pulmonary veins, which run through the connective tissue septa back to the left atrium of the heart. Type I alveolar cells and endothelial cells form an air-blood barrier, which is mandatory for optimal gas exchange. Abnormalities in this delicate architecture may lead to inadequate function, as presented in congenital anomalies of the lung, such as congenital diaphragmatic hernia (32) and alveolar capillary dysplasia (1) . The intimate anatomical structure suggests that the close interaction between the pulmonary vessels and the airways starts to be established already early in development. However, the process by which the pulmonary vascular tree develops and the factors that control pulmonary vascular development are not completely understood.
Lung development is divided into distinctive stages with the earliest stages consisting of the embryonic stage, E9-10 in mice and 4-6 weeks in humans, and the pseudoglandular stage, E10-16 in mice and 6-16 weeks in humans. Models of pulmonary vascular morphogenesis at these early stages are derived from morphological data. Based on vascular casts and electron microscopy of murine lungs, deMello et al. suggested that two processes are involved in the formation of the pulmonary vessels: the central vessels are formed by angiogenesis, defined as branching of new vessels from pre-existing ones, and peripheral vessels by vasculogenesis, defined as development of blood lakes in the mesenchyme (5) . A connection between the central and peripheral vascular lumen would be established through a lytic process around E13/14 and pulmonary circulation would start. A comparative analysis of serial sections of human embryos suggested that the same processes would also occur in humans (4) . In addition, they concluded that pulmonary arteries and veins were dissociated in their timing and pattern of branching, since "distal veins are present throughout the mesenchyme and establish a central luminal connection with the main pulmonary vein before an airway or artery is present at the same level" (4) .
Although it is generally accepted that the distal vasculature arises by vasculogenesis, recent morphological studies have questioned the basic mechanism of formation of the proximal pulmonary vessels. Using heterozygous mice with a targeted insertion of the bacterial lacZ gene into the flk-1 locus, Schachtner et al. showed that the proximal and distal vascular structures were already connected at gestational age 10.5. However, only the proximal portion of the pulmonary artery contained a lumen (30) . They also demonstrated that lung vessel development occurred at all stages and directly corresponded to overall lung growth. In another study, Hall et al. used lungs from human embryos to stain serial sections with endothelial specific antibodies, and showed continuity of circulation between the heart and the distal lung vascular plexus from 38d of gestation onwards (11) .
They concluded that the intrapulmonary arteries originate from a continuous expansion and coalescence of the primary capillary plexus that would form by vasculogenesis during the pseudoglandular stage. In addition, they showed that the same mechanism takes place to form the pulmonary veins (10) . In contrast to the definition of deMello and co-workers, they defined vasculogenesis as differentiation of angioblasts from mesoderm to form primitive blood vessels, without the formation of hematopoietic lakes.
In spite of the lack of consensus of how the lung vasculature develops, many molecular players involved in blood vessel formation are already identified. Epithelial cells from the lung bud are suggested to induce the expansion of the capillary plexus through vascular growth factors (14) . Three different growth factor systems have been described to act via endothelial cell specific tyrosine kinases: VEGFs, Angiopoietins and Ephrins (37) . VEGF is required for vasculogenesis and angiogenesis and VEGF isoforms are expressed in lung epithelial (14, 18) and mesenchymal cells (8, 9) . Furthermore, lung endothelial cells express Flk-1, the receptor for VEGF-A (8, 30) and in vitro experiments showed that VEGF has a potential role in lung vascular morphogenesis (14, 38) . Tie-2 and its ligand Ang-1 play a role in the regulation of angiogenesis (37) . Gene disruption of either Tie-2 or Ang-1 in mice leads to the formation of an abnormal vascular network with immature vessels, which lack proper organization (28, 34) . It is likely that these factors are involved in the stabilization of the network rather than its initial formation. Colen et al. demonstrated expression of Ang-1 and Ang-2 in the mouse lung from E9.5 onwards (3).
Since two opposing models on lung vessel development exist, we have performed an ontogenic morphological study of the lung vasculature in relation to the airways in mice ranging from E9.5, when the lung starts to become morphologically discernible, until the mid-phase of the pseudoglandular stage at day E13.5. We performed analysis of fetal lungs from transgenic mice expressing the bacterial lacZ gene under the control of the Tie-2 promoter (Tie2-LacZ), as well as serial section analysis of normal lungs using antibodies against PECAM-1, Fli-1 and α-smooth muscle actin to specifically identify endothelial cells and blood vessels. Mouse embryos were processed to keep the blood circulation intact, thereby maintaining the vascular tone and the integrity of the vasculature.
Hence, individual vessels could be identified through serial section analysis and their origin and connections could be described with accuracy. Furthermore, circulating cells, which are primitive erythrocytes formed by the blood islands in the yolk sac at the gestational age we investigated, are trapped in vessels during fixation and this proves that these vessels are connected with the embryonic circulation. We report that even the earliest vessels formed in the lung are already connected with the heart vascular structures and thus are part of the embryonic circulation. Since our findings are not consistent with the current models, we propose distal angiogenesis as a new model for lung vascular morphogenesis.
Materials and Methods
Embryos from wild type FVB and Tie2-LacZ mice (31) were isolated between gestational age E9.5 and E13.5, considering the morning of the vaginal plug as E0.5. In order to avoid vessels from collapsing and to maintain circulation, the embryos within an intact yolk sac and placenta were placed in ice cold phosphate-buffered saline (PBS), while dissecting the embryo for 5-Bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) staining or for paraffin embedding. For X-gal staining, the partially dissected embryonic thoraces (E9.5, E10.5, E11.5, E12.5 and E13.5) were rinsed in PBS, placed in fixative for 30 minutes (1% PFA, 2mM MgCl 2 , 5 mM EGTA in PBS) at room temperature, and rinsed twice in washing solution (2mM MgCl 2 , 1mM EGTA in PBS). The thoraces were stained overnight with 1mg/ml X-gal in 5mM K 3 Fe(CN) 6 , 5mM K 4 Fe(CN) 6 .3H 2 O, and 2mM MgCl 2 at 4°C. After rinsing in PBS, tissues were postfixed for 2h hours in 4% PFA, followed by complete dissection of the lungs. After imaging of the whole-mount lungs, the X-gal stained transgenic lungs were embedded and sectioned to support the determination of the structures in the lung.
For paraffin embedding, the yolk sac and placenta were removed and the embryos were fixed in 4% paraformaldehyde (PFA) for 30 minutes (E9.5), 45 minutes (E10.5), 2 hours (E11.5) at room temperature; or overnight (E12.5 and E13.5) at 4°C. After two PBS washes, the tissue was processed for paraffin embedding. Embryos were placed in coronal or transversal orientation, completely sectioned and the four-micron-thick sections were used for hematoxylin and eosin staining (H&E) and immunohistochemistry with antibodies raised against PECAM-1 (Rat monoclonal, MEC13.3, 1:50, BDPharMingen) and Fli-1 (Rabbit polyclonal, C-19, 1:1000, Santa Cruz Biotechnology) as endothelial cell markers. PECAM-1 (platelet endothelial cell adhesion molecule) is a 130 kDa transmembrane glycoprotein expressed on the surface of endothelial cells (6) , and Fli-1 (Friend leukemia integrationsite1) is a 50 kDa ETS-domain containing transcription factor, expressed in hemangioblasts, angioblasts and (early) endothelial cells (27) . We also used an antibody against α-SM-actin (α-smooth muscle actin, Mouse monoclonal, 1A4, 1:400, NeoMarkers) to assess the muscularization of 6 the vascular and airway walls. Before incubation with the primary antibody, the sections were dewaxed and endogenous peroxidase was blocked by incubation in 3% hydrogen peroxidase in methanol for 20 minutes. Antigen unmasking was performed with trypsin treatment (1.25mg/ml for 5 minutes at RT) for PECAM-1 and α-SM-actin and with microwave treatment in 10mM citric acid buffer (pH adjusted to 6.0; 9 minutes at 450W) for Fli-1. Sections were blocked with 5% bovine serum albumin (BSA) in PBS for 30 minutes and incubated with primary antibody diluted in 5%BSA in PBS overnight at 4°C. As secondary antibody we used rabbit anti-rat IgG-peroxidase (Dako) for PECAM-1 , goat anti-rabbit IgG-peroxidase (Dako) for Fli-1 and goat anti-mouse IgG-peroxidase (Dako) for α-SM-actin, all diluted 1:100 in 5%BSA in PBS 2h at RT. Antibody binding was detected by DAB and slides were counterstained with hematoxylin.
RESULTS
We divided the pulmonary vasculature in three components, the afferent, the effective and the efferent: the afferent component comprises the vessels that are proximally continuous with the vascular outflow of the heart, and distally with the capillary network, which we define as the effective component. This effective component is in close contact with the epithelium of the terminal bud of the airway. The pulmonary veins that transport the blood from the periphery of the lung back to the heart form the efferent component. The proximal part of the primitive pulmonary veins is continuous with the atrial structures and develops into the dorsal mesocardium. We identified specific structures and vessels throughout the lung with adequate precision by combining whole mount analysis of X-gal exclusively produced by the blood islands of the yolk sac, are frequently observed within the main vessels, the dorsal aorta and heart structures ( Figure 1C) , and in the capillaries, indicating that even the smallest vessels are connected to the embryonic circulation ( Figure 1D and 1E) . The venous confluence of this network runs through the dorsal mesocardium ( Figure 1C , DM), and forms an invagination at the entrance of the atrium, described as the pulmonary pit (36).
At E10.5, the first airway branches are formed and the trachea is separated from the esophagus, while both are surrounded by a contiguous mesenchyme. The left and right lungs are clearly formed and positioned slightly curved dorsally at each side of the esophagus (dotted yellow line in figure 1F ).
The afferent vessels are not a defined vascular tube yet, but resemble two plexiform networks that coalesce alongside the trachea (AV in figure 1F and 1G) and are continuous with the sixth aortic arches ( Figure 1F , arrowheads, RSA and LSA). A capillary vascular network surrounds both primitive bronchi ( Figure 1F , arrows in 1G) and is continuous with the larger vessels, as has been concluded from the examination of serial sections. The efferent vessels form a plexus of capillaries that drain through the dorsal mesocardium into the common atrium of the heart ( Figure 1F and 1H, DM, EV).
The heart in figure 1F is removed to better illustrate the point that a vascular connection exists between the efferent vessels and the dorsal mesocardium of the heart, as shown in figure 1H . All vascular structures have a clear and open lumen filled with primitive erythrocytes, indicating their connection with the total embryonic circulation ( Figure 1G, arrows) . Although the endothelial cells of these vessels are positive for Tie-2, PECAM-1 and Fli-1, they are not mature as shown by the lack of α-SM-actin positive staining. In addition, the airways and esophagus also lack muscularization, whereas the dorsal aorta and dorsal mesocardium clearly are ( Figure 1I ).
At E11.5, lung asymmetry has become obvious: the left lung has one branch ( Figure 1J , LL), whereas the right lung has four main branches, the primordia of the cranial, the middle, the caudal and the accessory lobe ( Figure 1J , CL, ML, AL and CDL). The proximal afferent vessels can now clearly be identified as two vascular tubes that run alongside the trachea, the right and left pulmonary arteries ( Figure 1J and 1L, RA and LA). Proximally, the right pulmonary artery is still connected to the right sixth aortic arch, but has been lateralized towards the left (insert in figure 1J ). The left sixth aortic arch, which will form the ductus arteriosus, is more obvious than the right sixth aortic arch, which eventually degenerates (insert in figure 1J ). The vessels that surround the lung buds are positive for Tie-2, PECAM-1 and Fli-1 ( Figure 1J, 1K, 1M ) and are filled with primitive erythrocytes. The efferent vessels form a vascular tube, the common pulmonary vein ( Figure 1J and 1K, PV) . Smooth muscle cells start to enfold the proximal parts of the arteries, airways ( Figure 1N and 1O ) and, to a lesser extent, veins (data not shown). However, the growing part of the distal airways and surrounding vessels are not yet muscularized.
At E12.5, the esophagus and trachea are only attached by mesothelial linings (insert in figure   2A ). The lung has a single left lobe and four clearly distinguishable right lobes (Figure 2A 
DISCUSSION
We describe the development of the pulmonary vasculature in the mouse from the first morphological sign of lung development (E9.5) until early pseudoglandular stage (E13.5) through the analysis of whole mount X-gal stained fetal lungs of Tie2-LacZ transgenic mice. The transgenic strain expresses the bacterial lacZ gene under the control of the Tie2 promoter and cells that convert the Xgal substrate are positive for the angiopoietin receptor Tie-2 (31). We expanded our analysis of the pulmonary vasculature using immunohistochemistry on serial sections of wild type mice with two distinct endothelial specific cell markers, PECAM-1 and Fli-1. Furthermore, the embryos have been isolated and processed without disrupting the circulation in order to leave the vascular tone and integrity intact. This procedure prevents the collapse of vessels and the putative creation of artefacts in the sections. Therefore, we were able to follow individual structures throughout serial sections, which allowed us to identify vessels and airways with accuracy. More importantly, by fixing the tissue with the blood cells still in the vascular system we could recognize primitive, and at later stages definitive erythrocytes, in the lumen of the lung vessels. Since primitive erythrocytes are exclusively produced by the blood islands of the yolk sac and definitive erythrocytes by the fetal liver (21, 22), our observations unequivocally prove the existence of a connection of the lung with the heart, yolk sac and liver, and thus the presence of a closed circulation from the earliest morphological signs of lung development. In addition, McGrath et al. also used the distribution of primitive, nucleated red blood cells as a proof for the existence of circulation (19) . positive cells in vessel walls, some of which had a narrow lumen (10, 11) . We used a tissue processing procedure that keeps the blood circulation intact and prevents the collapsing of the vessels. It is clear that the lumen of the proximal arteries is narrower than the lumen of the proximal veins, due to differences in pressure and muscularization. This may explain why deMello et al.
observed that early veins were diffusely present throughout the mesenchyme, establishing a central luminal connection to the main pulmonary vein before airways or arteries were present at the same level, thus leading to the conclusion that veins and arteries are dissociated in their timing and pattern of branching (4). Schachtner et al. named these venous drainages, which are very clear at E13.5, "lacunaes" (30) . However, our analysis of serial sections revealed that these structures are in fact the pulmonary veins. Based on hematoxylin and eosin stained sections, deMello et al. described the presence of "hematopoietic lakes" in E10 mouse lung (5) and 33d human lung (4), but analysis of serial sections of embryonic lungs fixed with intact circulation did not reveal structures that could resemble these hematopoietic lakes. We conclude that the description of hematopoietic lakes in the lung is based on morphology and these lakes most likely are collapsed vessels containing trapped primitive erythrocytes.
Vasculogenesis and hematopoiesis are intimately associated extra-embryonically, and this led to the description of the existence of a common precursor cell, the hemangioblast (26). Poole and Coffin used QH-1 antibodies as a label for angioblasts to study the major vessel primordia in chick-quail chimeras (24) . They defined vasculogenesis as the in situ formation of vessels from the aggregation of angioblasts into a cord, that later acquires a lumen, and angiogenesis as the formation of new vessels by sprouting of capillaries from existing ones. Later studies concluded that vasculogenesis gives rise to the heart and the first primitive vascular plexus, whereas angiogenesis is responsible for the remodelling and expansion of this primitive plexus (23) However, we were unable to localize isolated Flk-1 positive cells that were not part of the vasculature, which could serve as a putative angioblast. In addition, we have performed CD34 immunostainings and the results support our data shown in this manuscript (data not shown). In contrast, Han et al. may not fully explain the speed of growth (17) . Although these authors refer to the process whereby circulating endothelial cell progenitors incorporate and differentiate into existing blood vessels as vasculogenesis, we would suggest to call this process angiogenesis since it is the expansion of an preexisting vessel.
Our observations of the gradual muscularization of the proximal vessels as part of their maturation process confirms the work described by Hall et al. in human (10, 11) . They showed that veins acquired α-SM-actin at 56d, whereas arteries did at 38d. In mice, we first detected α-SM-actin positive cells in the vascular wall of arteries and veins at gestational age E11.5 ( Figure 1N and 1O).
Two muscularized pulmonary arteries run alongside the trachea at E11.5, as also shown by a confocal microscopic study in mouse lungs (35) . Two recent papers (12, 18) Distal angiogenesis is the formation of new capillaries from pre-existing ones at the periphery of the lung. On the basis of extensive and detailed morphological observations we define the concept of the "tip zone" as the distal part of the branching airway that lacks the layer of smooth muscle cells. It is wrapped by a polygonal meshwork of capillaries -the effective component-that expands by distal angiogenesis as the lung bud grows, finally leading to the alveolar capillary plexus. We hypothesize that epithelial-endothelial interactions are decisive to induce angiogenesis at the "tip zone", which ensures the coordinate expansion of the vascular network as the branching proceeds ( figure 3B ).
Newly formed vessels remodel dynamically, as they form part of the afferent or efferent component.
This vascular remodelling implies that some vessels will grow and fuse with neighbouring vessels, while others will remain small or degenerate (figure 3B).
Two basic mechanisms of embryonic angiogenesis by which the capillary network can expand have been proposed: sprouting and non-sprouting angiogenesis (25) . Sprouting angiogenesis involves the expansion of the capillary network by the formation of vascular sprouts from opposite preexisting capillaries, sprouts meet each other by filopodia and form a solid strand, that later acquires a lumen and splits the intervascular space (26) . In the non-sprouting angiogenesis or intussusception, a solid mesenchymal pillar grows into a capillary, subsequently enlarges and forms a new intervascular space (26) . Intussusceptive angiogenesis has been described to be responsible for the postnatal growth of the lung capillary bed (2) . At present, the precise mechanism of angiogenic expansion of the vascular network in our model is under investigation, but the arrow in the insert of figure 2A would be suggestive for the sprouting angiogenesis mechanism. In addition, preliminary data using confocal microscopy would support this finding.
In summary, we performed a detailed ontogenic morphological analysis of the pulmonary vasculature from the earliest embryonic stage onwards. The present study describes the development of the different vascular components (arteries, capillaries and veins) of the lung in relation with the developing airways. We conclude that the vasculature is part of the embryonic circulation from the moment the lung starts to develop. This implies that the presence of blood vessels could be more important for the development of the lung than previously anticipated. The endothelial cells of the splanchnic mesoderm may be involved in the pre-patterning of the presumptive lung region, like it has been shown for liver and pancreas development where endothelial cells are involved in the induction of these organs (16) . Our observations led us to propose distal angiogenesis as a new concept for lung vascular development. We defined the concept of the "tip zone", where the epithelial-endothelial interactions are crucial to determine the expansion of the lung vascular network. Based on our observations, we propose that angiogenesis already starts at the embryonic phase of lung development and is the major blood vessel forming process. staining of a coronal section shows that the proximal arteries and airways are being muscularized (N).
